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Summary. In this paper, we will prove that the local time of a Lévy process is a rough path of roughness p
a.s. for any 2 < p < 3 under some condition for the Lévy measure. This is a new class of rough path processes.
Then for any function g of finite g-variation (1 < ¢ < 3), we establish the integral f:x;o g(z)dL? as a Young
integral when 1 < ¢ < 2 and a Lyons’ rough path integral when 2 < ¢ < 3. We therefore apply these path
integrals to extend the Tanaka-Meyer formula for a continuous function f if f_ exists and is of finite g-variation
when 1 < ¢ < 3, for both continuous semi-martingales and a class of Lévy processes.
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1 Introduction

Integration of a stochastic process is a fundamentally important problem in probability theory. Different
integration theory may result in completely different approach to a problem. Local time is an important
and useful stochastic process. The investigation of its variation and integration has attracted attentions
of many mathematicians. Similar to the case of the Brownian motion, the variation of the local time
of a semimartingale in the spatial variable is also fundamental in the construction of an integral with
respect to the local time. There have been many works on the quadratic or p-variations (in the case of
stable processes) of local times in the sense of probability. Bouleau and Yor ([3]), Perkins (]28]), first
proved that, for the Brownian local time, and a sequence of partitions {D,} of an interval [a, b], with
the mesh |D,| — 0 when n — oo, nhrr;o MLy — L) = 4[; L?dx in probability. Subsequently, the
—oo 5
process  — L7 can be regarded as a semimartingale (with appropriate filtration). This result allowed
one to construct various stochastic integrals of the Brownian local time in the spatial variable. See
also Rogers and Walsh [31]. Numerous important extensions on the variations, stochastic integrations
of local times and It6’s formula have been done, e.g. Marcus and Rosen [24], [25], Eisenbaum [5], [6],
Eisenbaum and Kyprianou [7], Flandoli, Russo and Wolf [11], Féllmer, Protter and Shiryayev [12],
Follmer and Protter [13], Moret and Nualart [27]. In their extensions of Itd’s formula, the integrals
of the local time are given as stochastic integrals in nature, for example as forward and backward
stochastic integrals. In this paper, we study path integration of the local time and prove that the local
time is of classical p-variation and also can be considered as a rough path (its meaning will be made
precise later). We consider the local time of the Lévy process which is represented by the following

Lévy-It6 decomposition

t+ t+ _
Xy =Xo+ 0B +bt + / / yl{‘yEl}Np(dsdy) + / / Y1y <13 Np(dsdy). (1.1)
0 JR\{0} 0 JRr\{0}
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Recall that for a general semimartingale Xy, L = {L¥;x € R} is defined from the following formula
(Meyer [26]):

/O gexgax g = [ " g(@)Lyd, (1.2)

where [X, X]¢ is the continuous part of the quadratic variation process [X, X].. There is a different
notion of local time defined as the Radon-Nikodym derivative of the occupation measure of X with
respect to the Lebesgue measure on R i.e.

/ oaas= [ g (13)

—0o0

for every Borel function g : R — R™. For the Lévy process (1.1), if 0 # 0, LY and ~¥ are the same (up
to a multiple of a constant). In case 0 = 0 e.g. for a stable process, there is no diffusion part so these
two definitions are different. In fact, in this case LY = 0. The increment of v; for stable processes was
considered by Boylan [4], Getoor and Kesten [14] and Barlow [2], using potential theory approach, in
order to establish the continuity of the local time in the space variable. Using Theorem 0.2 in [2], it’s
easy to prove that when o # 0, and (2.2) is satisfied, for any p > 2 and ¢ > 0, the process x — L7,
is of finite p-variation in the classical sense almost surely. As a direct application, one can define the
path integral fj;o g(x)dL? as a Young integral for any g being of bounded g¢-variation for a ¢ € [1,2).
But when ¢ > 2, Young’s condition % + % > 1 is broken.

The main task of this paper is to construct a geometric rough path over the processes Z(x) =
(L, g(x)), for a deterministic function g being of finite g-variation when ¢ € [2,3). This implies
establishing the path integrals ffooo L¥d, L7 and ffooo g(x)d,L7. For these two integrals, all classical
integration theories such as Riemann, Lebesgue and Young fail to work. To overcome the difficulty, we
use the rough path theory pioneered by Lyons, see [21], [22], [23], also [19]. However, our p-variation
result of the local time does not automatically make the desired rough path exist or the integral well
defined, though it is a crucial step to study first. Actually further hard analysis is needed to establish
an iterated path integration theory for Z . First we introduce a piecewise curve of bounded variation as
a generalized Wong-Zakai approximation to the stochastic process Z .. Then we define a smooth rough
path by defining the iterated integrals of the piecewise bounded variation process. We need to prove
the smooth rough path converges to a geometric rough path Z = (1, Z', Z?) when 2 < ¢ < 3. For this,
an important step is to compute E(L;*"" — L7*)(L;"™ — L}”), and obtain the correct order in terms
of the increments z,11 —x; and z,4+1 — ;, especially in disjoint intervals [x;, z;41] and [z, x;+1] when
1 # 7. One can see the global aspects of Lévy processes are captured in this estimate. Actually, this
is a very challenging task. In this analysis, the main difficulty is from dealing with jumps, especially
the small jumps of the process. One can also see that to construct the geometric rough path, a slightly
stronger condition (3.24) is needed here. Using this key estimate, we can establish the geometric rough
path Z = (1,Z',Z?). Then from Chen’s identity, we define the following two integrals

b r—1
[ mrani =t SR e L) (L) (1.4)
a @ i=0
and
b r—1
[o@ary = im ST e+ w57 - 1)) (1.5)
a a,

=0
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r—1 r—1
Note that the Riemann sum Y LT (L7 — L") and Y g(x;)(L; "™ — L}*) themselves may not have
i=0 i=0

limits as the mesh m(Dy, ) — 0. At least there are no integration theories, rather than Lyons’ rough
path theory, to guarantee the convergence of the Riemann sums for almost all w. Here it is essential
to add Lévy areas to the Riemann sum. Furthermore, we can prove if a sequence of smooth functions
g; — g as j — oo, then the Riemann integral f: g;(x)dLi converges to the rough path integral
fabg(x)de defined in (1.5). Tt is also noted that to establish (1.4), one only needs (3.25). This is true
as long as the power of |y| in the condition of Lévy measure is anything less (better) than % The main
technique here is the Tanaka formula. If we assume the processes is symmetric, one can use estimates
of Gaussian processes and Dynkin’s isomorphism theorem as our tool. This idea is being developed by
Wang ([33]) for symmetric stable processes.

Having established the path integration of local time and the corresponding convergence results, as
a simple application, we can easily prove a useful extension of It6’s formula for the Lévy process when
the function is less smooth: if f : R — R is an absolutely continuous function and has left derivative
1 (x) being left continuous and of bounded g-variation, where 1 < ¢ < 3, then P-a.s.

F(X0) = F(Xo)+ / reepax, - [ T P @)L

+ > [F(Xe) = f(Xeo) = AXfL (X)), 0<E< 00, (1.6)

0<s<t

Here the path integral f_oooo fL(x)d, L7 is a Lebesgue-Stieltjes integral when ¢ = 1, a Young integral
when 1 < ¢ < 2 and a Lyons’ rough path integral when 2 < g < 3 respectively. Needless to say
that Tanaka’s formula ([32]) and Meyer’s formula ([26], [34]) are special cases of our formula when
q = 1. The investigation of It6’s formula to less smooth functions is crucial and useful in many
problems e.g. studying partial differential equations with singularities, the free boundary problem in
American options, and certain stochastic differential equations. Time dependent cases for a continuous
semimartingale X; were investigated recently by Elworthy, Truman and Zhao ([8]), Feng and Zhao
([9]), where two-parameter Lebesgue-Stieltjes integrals and two-parameter Young integral were used
respectively. We would like to point out that a two-parameter rough path integration theory, which is
important to the study of local times, and some other problems such as SPDEs, still remains open.

A part of the results about the rough path integral of local time for a continuous semimartingale was
announced without including proofs in Feng and Zhao [10]. In this paper, we will give a full construction
of the local time rough path, and obtain complete results for any continuous semi-martingales and a
class of Lévy processes satisfying (3.24) and o # 0. Our proofs are given in the context of Lévy processes.
For continuous semimartingales, we believe the reader can see easily that the proof is essentially
included in this paper, noticing the idea of decomposing the local time to continuous and discontinuous
parts in [9] and the key estimate (8) in [10].

2 The variation of local time

We see soon that the variation of local time follows immediately from Barlow’s celebrated result of
modulus of continuity of local time (Theorem 0.2, [2]). Let X; be a one dimensional time homogeneous
Lévy process, and (F;):>0 be generated by the sample paths X;, p(-) be a stationary (F;)-Poisson
process on R\ {0}. From the well-known Lévy-It6 decomposition theorem, we can write X; as follows:
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X, := Xo+ 0B, +V, + M,, (2.1)

where

t+
V, =0t +/ / Yly>13 Np(dsdy),
0 R\{0}

M; = / / yl{\y\<1}Np(dey)
o Jr\{o}

Here, N, is the Poisson random measure of p, the compensator of p is of the form N (dsdy) = dsn(dy),
where n(dy) is the Lévy measure of process X. The compensated random measure Np(t7 U) =

N,(t,U) — Np(t,U) is an (Fy)-martingale.

Proposition 2.1 If o # 0, the Lévy measure n satisfies
[ ol A tyntay) < . 22)
R\ {0}

then the local time LY of time homogeneous Lévy process Xy given by (1.1) is of bounded p-variation

in a for any t >0, for any p > 2, almost surely, i.e.

sup |Lyt — L%
D(—00,00) zz: K !

P <o a.s.,

where the supremum is taken over all finite partition on R, D(—00,0) = {—00 < ag < a1 < -+ <
ap < 0o}

Proof: Let x(6) be the exponent of Lévy process X, i.e.

Eeiext — eftx(a)

)

where
x(0) = —ibh + o26* — /[e“’y — 1 — 0yl <1y]n(dy). (2.3)
Recall from [2],
P(z)? = 1 /(1 - Cosﬁx)Re(;)dﬁ
- 1+ x(0)

If 02 > 0, it is easy to check that

1

Re(y— ()

) < el 0)(1+6%)71,

and ¢(z) < c|z|Z. So using Theorem 0.2 in [2], one obtains that if p(z) = (mlog(i))%

sup |L§ — Lf| < cp(|b— al)(sup LT)?. (2.4)
p—al<} ®

Now we use Proposition 4.1.1 in [23] (i = 1,7 > p — 1), for any finite partition {a;} of [a, D]

0o 2"
S o) S 3
l k=1

n=1
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where

k
(b—a), k=0,1,---,2".

aﬁza—i—Z—n

The key point here is that the right hand side does not depend on the partition D. Using (2.4), we
know that

o 2n 00
o an b—a. s
St L - L < e Y (o)
k=1

n=1

as p > 2, where ¢ < & — 1. Therefore for any interval [a,b] C R
supz |Ly' — LP < oo a.s. (2.5)
D

But we know L¢ has a compact support [—K, K] in a. So for the partition D := D_g g = {-K =
ap < ay < -+ < a = K}, we obtain

a; ;
sup g |L; — LYHP < o0 a.s. o
b

The p-variation (p > 2) result of the local time enables one to use Young’s integration theory to
define ffooo g(x)d,L? for g being of bounded g-variation when 1 < ¢ < 2. This is because in this case,
for any ¢ € [1,2), one can always find a constant p > 2 such that the condition ]% + % > 1 for the
existence of the Young integral is satisfied. However, when ¢ > 2, Young integral is no longer well
defined. We have to use a new integration theory. In the following, we only consider the case that
2 < ¢ < 3. We obtain the existence of the geometric rough path Z = (1,Z!,Z?) associated to Z ..
Lyons’ integration of rough path provides a way to push the result further. This will be studied in the
rest of this paper.

3 The local time rough path

To establish the rough path integral of local time, we need to estimate the p-th moment of the increment
of local time over a space interval and the covariance of the increments over two nonoverlapping
intervals. First, we give a general p-moment estimate formula. This will be used in later proofs.

Lemma 3.1 We have the p-moment estimate formula: for any p > 1,

B( 3 1ftsprl)

0<s<t

skiE( / t / |f<s,y,w>|2"n<dy>ds);’“+cp(E / t [ i)

for a constant ¢, > 0. Here m is the smallest integer such that 2™ > p.

2 +1n(dy)ds)2 , (3.1)
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Proof: From the definition of IV, Np, the Burkholder-Davis-Gundy inequality and Jensen’s inequality,

we can have the p-moment estimation:

B( % 1fsmhe)

0<s<t

:E(/Ot+ /R\{O} If(s,y,w)le(dsdy))p

([ [ [ sl sy - )
<oe( [ [ o) wpe( [ [ i)
<op( [ [ isvntanis) e ( [ [ 156 Pniaas)
([ ] |f<s,y,w>|2Np<dsdy>>g
<op( [ [ vwetntanas) +au( [ [ |f<s,y,w>|2n<dy>ds)g
N T (E( [ f(&y,w)lgmNp(dsdy))z)
([ [ rGwemtanas) +an( [ [ |f<s,y,w>|2n<dy>ds)g

D

_|_...+CPE</Ot/R|f(s,y,w)|2mn(dy)ds>2m—i—cp(E/Ot/R|f<57yaw)

where m is the smallest integer such that 271 > p. o

NS

ya
2 +1n(dy)ds) ,

Recall the Tanaka formula for the Lévy process X; (c.f. [1]), we have

t
L= (X, —a)t — (Xo—a)" — / Lix, saydXs
0

+ Z [(XS* - a’)+ - (XS - a)Jr + 1{XS,>(1,}AXS]~ (32)

0<s<t
Since
t+
) 1{X5,>Q}AX31{|AXS‘21}=/ / Lix. >apyljy1=1y Np(dsdy),
0<s<t 0 R\{0}

the following alternative form is often convenient
L} = ¢i(a) — bly(a) — 0By + K1 (t,a) + Ka(t,a) + K3(t, a), (3.3)

where

t t
i) = (X; —a)* — (Xo—a)", I(a) = / Lix, sayds, Bf = / Lix._>ajdBs,
0 0
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Ki(t,a) = > [(Xeo —a)" — (Xs —a)"]lgax, =13,
0<s<t
t
Ka(t,a) := / / (X —y—a)’ = (X, - a)+]1{|y|<1}Np(dyd8)’
R\{0}
3(t,a) :== / / —y—a) + — (X5 — a)+ + 1{X3—y>a}y]1{|y\<1}n(dy)ds.

For the convenience in what follows in later part, we denote
Ji(s,a) == (Xs_ —a)t — (Xs —a)t, Jo(s,a) = lix,_>a)AXs.
Note we have the following important decompositions that we will use often: for any a; < a;41,

J*(XsaXS—7a'i7ai+1)
= J1(870i+1) — Jl(s,ai)

Xoo —ai)lix, <at Vai<x._<aiy — (@iv1 — @) lix,<a} 1iX,_ >aii1}

+

Xs — al)]‘{az<X <a1+1}1{Xs—<az} (ai+1 - XS)]'{(M<X5S(M+1}1{X57>lli+1}

_|_

—(
(
(a1+1 - a’l)l{X >a1+1}1{X5_<a } + (a’lJrl Xsf)l{Xs>ai+1}1{ai<Xs—Saz‘+1}
+( s )]‘{ai<ngai+1}1{111'<Xa‘7§ai+1}’ (34)
and

J(Xs, Xs—, a4, ai41)
= [J1(5, ai1) = J1(s, a9)] + [a(s, ait1) — Ja(s, ai)]
= —(Xs —ai)lix, <a} Yai< x._<ainy — (@ir1 — @) lix, <a} LiX,_ >aii1}
+(Xs = ai) o, <X <at 1 ixe<ait = (@1 = Xo)lfa, <X <an x> aia)
+(ait1 — @)X, > a3 X, <ai} T (@it1 — Xo) X > a0 Ha<X.<aigr)- (3.5)
We will use the above decomposition and probabilistic tools to prove the following lemma. The
proof includes many technically rather hard calculations. However, they are key to get the desired

estimates and crucial in our analysis.

Lemma 3.2 Assume the Lévy measure n(dy) satisfies

[ (ol Aty <, (36)
R\{0}
then for any p > 2, there exists a constant ¢ > 0 such that

BILYH — LY P < clagy — ai2. (3.7)

Proof: We will estimate every term in (3.3). First note that the function ¢;(a) := (X;—a)™ —(Xo—a)*
is Lipschitz continuous in a with Lipschitz constant 2. This implies that for any p > 2 and a; < a;41,

lpe(aiv1) — eeai)” < 2P (aiva — ai)?. (3.8)

Secondly, for the second term, by the occupation times formula, Jensen’s inequality and Fubini theorem,
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1 1 @it
. _ NP = . —_n.)P z p
Blli(er) = ha)” = (o o BG——— [ Lan

1
< ——(ai+1 — a;)P sup E(LY)P. (3.9)

S %
We now estimate sup, F(L7?)P. By (3.2) and noting that > [(Xs— —a)t —(Xs—a)t+11x, >3 AX,]

0<s<t
is a decreasing process in t, we have

t
L8 < (X, —a)* — (Xo—a)t — / Lix, sapdX..
0

Now using the Burkholder-Davis-Gundy inequality, we have

t t t
B < pEIXe = XoP + B [ ol sapdBP + B| [ g sagdVil + E| [ i saddLP]
0 0 0

m—+1

o t ) t o B3
< coPt? +cE(| [dVi))P +cp ) I Lyi<nyn(dy)ds
0 0

k=1
< C(p, b7 a, t)7

where m > 0 is the smallest integer such that 2™t > p c(p,b, 0,t) is a universal constant depending

on p,b,0, and t. By Jensen’s inequality, we also have

p
2

E(L{)2 < e(p,b,o,t). (3.10)

This inequality will be used later. So
Elli(ait1) — Ii(ai)[” < e(p, b0, t)(aiv1 — ai)”. (3.11)

Thirdly, for the term Bg , by the Burkholder-Davis-Gundy inequality and a similar argument in deriving

(3.11), we have
t
P <l E (/ 1{ai<Xs<ai+1}d8>
0

[NiS]

BB — By

< c(t,p,o)(ais1 —a;)%. (3.12)
About K;(t,a), it is easy to see that
|K1(t, aip1) — Ki(t,a;)] < 2(aig1 —a;) Z lijax,|>1}-
0<s<t
So
E|K1(t,a;41) — K1(t,a:)|P < C(aj+1 — a;)?. (3.13)

About Ks(t,a), with the decomposition (3.4), we will estimate the sum of each term for jumps |[AX;| <
1. There are seven such terms.

For the first term in (3.4), by the p-moment estimate formula and occupation times formula, we
have
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p
( | Xs— — ai|1{X55a7~,}1{a7~,<xs_gam}l{Axs<1}Np(dyd8)>
R\{0}

m t rXs—a;
Z / / |Xe =y — ai* 1x, <ay 1y <nynldy)d
Xs—a;q1

P
2k

E/ / 1Xe =y — ail® Lix. a1y <pnldy)d
0 —Qi41

m 2
=c<p,a>ZE< [ [ ey 1{|y.<1}n<dy>d>
k T—Ai41

=1

a; T—a; 211f+1
m+1
o) (E/ Lf/ 2 —y — a;? 1{|y<1}n(dy)d$> ; (3.14)
—o0 T—aiq1

where m is the smallest integer such that 21 > p. In the following we will often use the following

) 2m+1
P
E

type of method to estimate integrals with respect to the Lévy measure: let

0 a;
Q= / (v —y — a;)drlyy<1yn(dy)

ai—ait1 Jy+a;

10 )
=5 WP,

i Qi1

Then, 1{‘y‘<1}$(x —y — a;)dxn(dy) is a probability measure on {(z,y) : y+a; <z < a;, (—1) A (a; —
ai+1) <y < 0}. So by Jensen’s inequality, we have that

0 a;
E( I Lf(awl—az‘)(ﬂﬂ—y—ai)d$1{|y<1}n(dy)>
a;—ai1 Jyta;
<Q:E / / 7% (a1 — a;)
Qi — Q41 u+aL
g

0
< c(o,t,p)|ai+1 — a;|? sup E(LY)? (/ |y21{y|<1}”(dy)> . (3.15)
x a

i T Qi1

ya
2

(NS

(x—y— ai)dx1{|y<1}n(dy)>

Similarly one can estimate

a;i—ait1 Ytai+1 9 5
p([ [ srasgenian)
—o0 y+a;

Y » a;—a;41
< (0, t,p)lasss — @il sup B(LE)S ( /
x

— 0o

P
2

y|21{|y<1}n<dy>) . (3.16)

Then we can estimate each term in (3.14). When k = 1, we change the orders of the integration and
use Jensen’s inequality to have

a; T—a; %
E / Ly / |z —y — ai|21{|y|<1}n(dy)dx
— 00 T—Qi41

ai—ait1 Yt+aity1 9
= / / Lz :U -y — ai) 1{‘y‘<1}dxn(dy)
y+a;
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SIS

0 a;
+ / / Li(e—y—a)(z—y— ai>1{y|<1}dm<dy>>
a y

i—Qit1 +a;
a;—Qi4+1 Y+ait1 9
<p( [ [ syt
—0o0 yta;
0 a; g
w7 L - a)@ -y - adstgyen(dy
a;—aiy1 Jyta;
< c(o,t,p)lairs — ail 2. (3.17)

For the term when 2 < k < m, it is easy to see that

a; T—a; 2Lk
k
E (/ Ly / @~y — ai? 1{|y<1}n(dy)d$>
— 00 T—Qi41

i . T—ai k—1 k—1
=k </ L / o=y —al” Jyl* 1y <nn(dy)de
— 00 T—Qi41

P
a; T—a; 2k
1 - k—1
(aiy1 —a;)2"E (/ L / lyl® 1{y|<1}n(dy)dx>
— 00 T—ai41

c(t,p)lait1 — ail %

P
2k

IA

IN

Actually we can see that [* [*"* \y|2k711{|y‘<1}n(dy)dm < oo by using the same method as in

T—Qi41

(3.17). For the last term in (3.14), similarly, we have

a; r—a; 2nf+1
T m+41
(E/ Ly / [z —y —a;f? 1{|y<1}n(dy)dl’>
—00 T—ait1
a; T—a; . . 2"’/%
E/ Lf/ laiv1 — ail® |y* 1y <ryn(dy)da
—00 T—ait1

. a; z—a; 27"%
P 2Wl
s —alf (B[ L [ P e

— 00 T—Qi41

P
2

IN

IN

< c(t,p)laivr — a4

We can see that the key point is to estimate the term when k& = 1 because the higher order term can
always be dealt by the above method easily. We can use the similar method to deal with other terms
and derive that

B|Ka(t, ai41) — Ka(t,a;)|P < e(t,0,p)|ais1 — ail®. (3.18)

About K3(t,a), with the decomposition (3.5), we will estimate the sum of each term for jumps |AX;| <
1. There are six such terms.

For the first term in (3.5), by the p-moment estimate formula and occupation times formula,
changing orders of integration and using Jensen’s inequality, we have

t o0 P
E (/O / | Xs — az‘|1{xs<ai}1{ai<xsy<ai+1}1{ly<1}”(dy)ds)
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1 a; . r—a; p
= TpE / LL/ | a1|1{‘y|<1}n(dy)dx
(o
- T—Qi41
A; —Qi41 y+ab+1
= / / a; — x)1y|<1ydzn(dy)
y+a;

. p
" / | -0t —z>%1{|y.<1}dm<dy>>
A —Qi41 Yy

+a;

IN

1 ;i —Qit1 Yytait1 "
5 E / / Lidx|y|1y<1yn(dy)
g y+a;

p
/ | B - a)ba- x)zdwl{y|<1}n<dy>>
a;—ai+1 Jyta;

1 A;—Qi41
o(0)]arss — i ¥ sup B(LT)? ( /

— 00

0

IN

P
3
ly|2 1{y<1}n(dy))

p
+c(0)|airs — a;| 2P sup B(LY)P (/ |y|31{|y<1}n(dy)>
x a

i @41

c(t,o,p)aiss — ai|2P. (3.19)

We can use the similar method to deal with other terms. In the following, we will only sketch the
estimate without giving great details.
2) For the second term, we have

t fe%s) p
E </0 / (@it1— ai)l{xsai}l{xsy>ai+1}1{|y<1}n(dy)d3>
1 a; [T Gitn p
= Tp(aHl —a;)’E (/ Lf/ 1{|y|<1}n(dy)dx>
o —o0 —o0
a;—a;41 a; p
c(o)(aj41 — a;)PE </ </ Lfdx) 1{y|<1}n(dy)>
—o0 yta;t1

. A;—Qi41
< c(o)]ai+1 — a;|?" sup E(L)” (/
x

— 00

p
3
ly|2 1{|y<1}n(dy))
< c(t,o,p)laiq1 — az‘|%p-

3) For the third term, we have

t o0 P
E (/0 / | Xs — aill{ai<xs<ai+1}1{xsy<ai}1{|y<1}n(dy)d8)

1 Ait1 o] p
— ﬁE (/ Lf/ | — ai|1{y<1}n(dy)dx)

1 Qi41—a; a;+y . 1
?pE /0 / Li(aj41 —a;)2(z — aZ)del{‘yKl}n(dy)

o0 Qi1 P
+/ / L?d$|y|1{|y|<1}n(dy)> (3.20)
ai41—a; Ja;

[e'e) P
1 = 3
< (0, p)|ases — ai[ 7 sup E(LE)? ( / |y|%’1{|y<1}n<dy>)
xT 0

IN
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1
< c(t,o,p)laiv1 — ail2P.

The fourth, fifth and the last terms are symmetric to the third, second and first terms respectively. In

summary, we have
1
E|K3(t, ai+1) — Kg(t, ai)|p S c(t,a,p)|ai+1 — a; 2P, (321)
So we proved the result. o

Remark 3.1 From (3.19) and (3.20), we can see easily that if we require the following slightly stronger
condition on the Lévy measure

/ (Jy|2=¢ A Dn(dy) < oo, (3.22)
R\{0}

for a & €(0,1], then for anyp > 1,
E|K3(t,ai+1) — K3(t,ai>|p S C(t,O’,p>|CLZ‘+1 — ai|(%+£)p. (323)

This estimate will be used in the construction of the geometric rough path where (3.21) is not adequate.
In particular, this plays an essential role in obtaining (3.483) and (3.48), from which one can calculate
(Z(m)?)men is a Cauchy sequence in the O-variation distance.

Now, define Z, := (L¥,g(x)) as a process of variable z in R?. Here g is of bounded g-variation,
2 < ¢ < 3. Then it’s easy to know that Z, is of bounded §-variation in z, where ¢ = ¢, if ¢ > 2, and
G > 2 can be taken any number when ¢ = 2. We assume a sightly stronger condition than (3.6) for the
Lévy measure: there exists a constant € > 0 such that

/ (|y\1+%7(37‘1)E A Dn(dy) < oo. (3.24)
R\{0}

We will prove with this condition, the desired geometric rough path Z = (1,Z', Z?) is well defined.
We need to point out that in the following when we consider the control function and the convergence
of the first level path, condition (3.6) is still adequate. But we need (3.24) in the convergence of the
second level path. Denote 6 = é — (3 — q)e. Note when ¢ =2, § = % — €. So condition (3.24) becomes:
there exists € > 0 such that

[ ol A vty < o (3.25)
R\{0}

Later in this section, we will see under this condition, the integral ffooo L{dL7 can be well-defined as
a rough path integral. Also note 2<i]f1f 3(5(q7 g) = % So under the condition
<q<

/ (Jyl* A Dn(dy) < oo, (3.26)
R\{0}

(3.24) is satisfied for any 2 < ¢ < 3. In this case, our results imply that we can construct the geometric
rough path for any g being of finite g-variation, where 2 < ¢ < 3 can be arbitrary.
Recall the -variation metric dg on Cy (A, T (R?)) defined in [23],
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é
i i i i )
do(Z,Y) = e dio(Z',Y") = | sup <ZI: |Z%, . 2, _Yxll,mI) .

Assume condition (3.6) through to Proposition 3.1. Let [z, "] be any interval in R. From the proof
of Theorem 2.1, for any p > 2, we know there exists a constant ¢ > 0 such that
B|LY — LYP < ¢|b —al?, (3.27)

i.e. Ly satisfies Holder condition in [23] with exponent . First we consider the case when g is continu-
ous. Recall in [23], a control w is a continuous super-additive function on A := {(a,b) : 2’ < a < b < 2"}
with values in [0, 00) such that w(a,a) = 0. Therefore

w(a,b) +w(b,c) <w(a,c), forany (a,b),(bc) € A.
If g(x) is of bounded g-variation, we can find a control w s.t.
l9(b) — g(a)|* < w(a,b),

for any (a,b) € A:={(a,b) : 2’ <a <b<2z"}. It is obvious that wi(a,b) := w(a,db) + (b—a) is also a
control of g. Set h = %, it is trivial to see for any 6 > ¢ (so h6 > 1) we have,

19(b) = 9(a)|” < wi(a,b)", for any (a,b) € A. (3.28)

Considering (3.27), we can see Z, satisfies, for such h = %, and any 6 > ¢, there exists a constant ¢
such that

E|Zy — Z4|? < cwi(a,b)", for any (a,b) € A. (3.29)

For any m € N, define a continuous and bounded variation path Z(m) by

w(z) — wi (")
Z(m)y = Zx,’"1 + =l

Az, 3.30
= g () —w () (330)

ifay <oz <a, forl=1,---,2" and A"Z = Zym — Zy; . Here Dy, 1= {o/ =z <alP < <
afh, = a'} is a partition of [2/, 2] such that

7'[1)1(.]:/71;”),

wi(@") —wi(@i?y) = o

where w1 (z) := wy(2/,2). It is obvious that z]" — 2] | < ;hwi(2’,2”) and by the superadditivity of

the control function wy,

wi ()" 1, 2]") < wi(a7") —wi (2] ) = 5w (', 2"7).

om
The corresponding smooth rough path Z(m) is built by taking its iterated path integrals, i.e. for any
(a,b) € A,

Z(m)! , = / . dZ(m)y, ® -+ @ dZ(m)a,. (3.31)
a<zy<--<z; <

In the following, we will prove {Z(m)}m,en converges to a geometric rough path Z in the -variation
topology when 2 < g < 3. We call Z the canonical geometric rough path associated to Z.
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Remark 3.2 The bounded variation process Z(m), is a generalized Wong-Zakai approximation to the
process Z of bounded §-variation. Here we divide [z, "] by equally partitioning the range of wi. We
then use (3.30) to form the piecewise curved approximation to Z. Note here Wong-Zakai’s standard
piecewise linear approximation does not work immediately.

Remark 3.3 It is noted here that there is no unique way to construct rough path. The approach we
present in this paper is one construction that makes the Lévy area convergent. More importantly, we
will see later the integral constructed coincides with the Lebesgue-Stieltjes integral when g is of bounded
variation. And the convergence theorem of the integral (Propostion 4.2) guarantees that the integral
we constructed in this paper is the limit of the Lebesgue-Stieltjes integrals in 0-variation topology. This
shows that the rough path integral defined by (3.49) is the correct integral in our formula (4.7).

Let’s first look at the first level path Z(m)é’b. The method is similar to Chapter 4 in [23] for Brown-
2TL
ian motion. Similar to Proposition 4.2.1 in [23], we can prove that for alln € N, m — 3 |Z(m);‘,g71@: |?

is increasing and for m > n,

n — Zmn — an

_ 15Ty k k—1"

Z(m)gy | on = Z(m+ 1) (3.32)

Ty T

Let Z!, = Zy — Z,. Then (3.29) implies E|Z, ,|° < cw(a,b)"?. For such points {z}}, k = 1,---,2",
n=1,2,---, defined above we still have the inequality in Proposition 4.1.1 in [23],

EsupZ|Zrl 1Tl|9<C’9’yEZnVZ|Z1 mne
n=1

1
<O 3w () (2, (3.33)

n=1

for constant C; = C(6,~)c. Since hf — 1 > 0, the series on the right-hand side of (3.33) is convergent,
so that supp, Y, |Z1 |9
Moreover, for any v > 6 — 1, there exists a constant C1(6,~,c¢) > 0 such that

2112 < 00 almost surely. This shows that Z! has finite #-variation almost surely.

B Y o < COEomp Y Yty
n=1
EZTL’YZ|Z1]C 1Ty |9
n=1
< C1(0,7,¢) Zm(?n)heflwl(x',x”)h" (3.34)
n=1
< Q.
So
supsupZ|Z . 1zz|9 <00 a.s. (3.35)

This means that Z(m); , have finite §-variation uniformly in m. And furthermore, from (3.32) and
some standard arguments,
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on

1 h6—1
v 1 4 — )=z
EE:n §:|z b =T ] <O (3.36)

1 k 1% om

where C' depends on 6, h, wy(z',2"), and ¢ in (3.29). By Proposition 4.1.2 in [23], Jensen’s inequality

and (3.36),
e 1
B3 (Y2 ) <8 S (S0 St 2 o0)
n=1
0o 0o 2m %
<y (Ezn@z Tl

m=1
m=1 n=1

oo
Z h,9 1

< 00, (3.37)

=

I /\

for h8 > 1. So we obtain

Theorem 3.1 Let LY be the local time of the time homogeneous Lévy process X given by (1.1), and
g be a continuous function of bounded g-variation. Assume ¢ > 1, 0 # 0 and the Lévy measure n(dy)
satisfies (3.6). Then for any 0 > q, the continuous process Z, = (LY, g(x)) satisfying (3.29), we have

1

9
ZSUP(Z|Z v~ Zh o al?) < o0 as. (3.38)

In particular, (Z(m);b) converges to (Z}l’b) in the O-variation distance a.s. for any (a,b) € A.

We next consider the second level path Z(m)i »- As in [23], we can also see that if m < n,

Z(m)%. = 92(m=m)=L(Am 7)2 (3.39)

TE_1T

where [ is chosen such that ;" <z}, <z} < z";if m > n,

2m "k
1 1
Z(m)%y ap = 32O ALZ + 5 S (ArZeATZ-AMZATZ),
7‘,1,:27”;2(1}9—1)4—1

SO
Z(m + 1) et T Z(m)igfl,xg
2m~ "k
1
== Yoo (AR Zze Ayt Z - AT Z e AL Z), (3.40)

l:2m’"(k‘71)+1
k=1,---,2" Similar to the proof of Proposition 4.3.3 in [23], we have
Proposition 3.1 Assume g is a continuous function of finite g-variation with a real number q > 2,
and the Lévy measure satisfies (3.6). Let 8 > q. Then for m < n,
on
2]
ZE|Z(m + 1)%;71@” - Z(m)w"71,$2|§ S C(
k=1

where C' depends on 0, h(:= ) wy(z’,2"), and ¢ in (3.29).

Tl (3.41)
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The main step to establish the geometric rough path integral over Z is the following estimate.
Delicate and correct power in (3.43) must be obtained to prove the convergence of the approximated
Lévy area. We will use Lemma 3.3 about the correlation of Ko(t,a;+1) — Ka(t,a;) and Ko(t,aj41) —
Ks(t,a;), and (3.23) for the term K3, for & = L2 + (3 — g)e.

Lemma 3.3 Assume the Lévy measure satisfies (322) with 0 < & < %, then for any ag < a1 < -+ <

am;

B (Kot a41) — Kalt,00)) (Kot aj1) — Fa(t, )|

< {C(tva)(ai+1_ai)a when 0 <i=j <m,

c(t,o)[(aivr —ag)' T + (aj+1 —a; )1+25} when 0 < i # j < m. (3.42)

Proof: When ¢ = j, (3.42) follows from (3.18) directly. Here we only need Lévy measure satisfies (2.2).

Now we consider the case when i # j. Without losing generality, we assume i < j. From (3.4), it is
easy to see that

K2 t a1,+1 Kg(t al)) (Kg(t CLJ+1) KQ(t7a,j))
t+ _ t4 B
=F |:/ / XSaX y,al7az+1) p(dyds) / / J*(XsaXS - y7aj7aj+l)Np(dyds)
0 R

= E/ / J*(XsaXs - yyai;aiJrl)J*(Xsts - yaaj7aj+1)n(dy)ds
0 JR
= Ay + As + Az + Ay,

where

Ay = / / (aiv1 —ai)(a; — Xs + y)} Lix,<ait a; <X, —y<asea} Hjyl<1yn(dy)ds
/ / (@it1 — as)(aj41 — ‘)] Lix,<an l{x.—y>a;0) Lyi<1yn(dy)ds,

Ag = / / (aiv1 — Xs)(a; — Xs + y)} Nai<X.<aii1 Hay<Xo—y<az i L {ly1<1yn(dy)ds
/ / (@1 — Xs)(aj41 = 05) {0, <X, <ar} 1 X —y>ap0 iyl <1y 2(dy)ds,

Az = /0 / (ait1 —a;)(Xs — aj)] Lix,—y<ai} Hay< X <asea L jyl<1yn(dy)ds
/ / (aip1 — ai)(aj11 — @)1 (x, —y<a,} 1{X. > a;1 3 Lyl <1y (dy)ds,

Ay = /O /R = (Xs =y = ais1)(Xs — @), <X, —y<arir } Hay< X <ay 1 L Jyl<13n(dy)ds

t
+/0 /R [~ (X =y = @)(@41 = )| L <xeyzarn Lix ot | L <nyn(dy)ds.

For convenience, we denote the two integrals in A; by A1 and Ajs respectively. To estimate |EA;],
first by the occupation times formula, Fubini theorem, Jensen’s inequality, similar as before, we have :

1 a; r—aj
|EA| < ;E/ Lf/ (aiv1 — ai)(w — aj — y) 1y <1yn(dy)de
— 00 T—QAj541
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1 L ai—aj+1 . Yy+a 41
< —(aip1—a;)2 T E / |y|§_5/ Lilyl1{y1<1ydon(dy)
0—2
—o00 y+a;
a;—aj l_g a;
w7 W[ Ll den(ay)
;=0 41 y+aj
1 14’,5 x @i=aj 375
< ;(aiﬂ —a;)2" (a1 — aj)(sgp ELY) ly|2 " 11y 1<13n(dy)
—o0

IA

1
C(t,J)(CLZ‘+1 — ai)2+5(a]—+1 — aj).

In the same way, we can have

@i —aj41

1 1 z 3_
|EA12| < p(aiﬂ —a;)? (a4 — aj)SUPE(Li)/ lyl2 Syl Ly <y (dy)
x —0o0
< c(t,o)(aiv1 — az’)%ﬁ(aﬂl —aj).
Therefore, we get

|EAL] < c(t,o)((air1 — ai) ™ + (aj41 — a;)'T29).

Using the same method, we can have the similar estimations for |[EAs|, |EAs| and |EA4|. It follows
that when i # j,

|E(Ka(t, aiv1) — Ka(t, a;)) (Ka(t, aj1) — Ka(t, a;))| < c(t, 0)((aiv1 — ai) ™ + (aj41 — a;)' ™).
Therefore we proved (3.42). o

Proposition 3.2 Assume g is a continuous function of finite q-variation with a real number q € [2,3),
and the Lévy measure satisfies (3.24). Let ¢ < 0 < 3. Then for m > n, we have

e Tie 11 1o, 1 34
BlZ(m+ 12 =22l <Ol GO + () G 7). 343)
where C is a generic constant and also depends on 0, h(:= %), wy (2, 2"), and ¢ in (3.29).
Proof: For m > n, it is easy to see that
2

E|Z(m+1)2n o0 = Z(m)3n o

Tp—1Tk

2m "k
2
Z (AT Z @ AT Z — AT Z @ AT Z)
I=2m—7(k—1)+1

I
I
=

2 2mT"E
- Z Z E Z (AQZi%Z A2l+1Z] - A2l+1Z AQZtiZ])
j=1 [ r=2m-"(k—1)+1
(AR Z AT 20 — AR 2 AL T 27

1 m x m x m m
= o3 [Blag iy ap L Ag (@) AR ()
lLr

A () AR g(@) B(AG T LT AL L)
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1 m m m m
~1 2 [Bagtir A I Ag () A5t g(a)
L,r

(A5t g(w) Ay (@) (AR L AR L)

1 m x m x m m
—1 2 [Bant rapt i) Agtg(e) A5t g()
lLr
AL g (a) AR g(@) BAGH I AR L)

1 m x m xT m m
g D [Blan Ly A L (A5 g(@) Ag g @)

+(A§7+19($)431“9($))E(Aé'fﬂLfﬂgifllL?)} : (3.44)
The main difficulty is to estimate the following expectation which can be derived from Tanaka’s formula:
Bl AR Ly Ay L
= Bl(Lu(@gith) = L) (Lo(aith) — Lo )]
t
= Bl =) =t [ g o, cominyds
t
—o [ e, coprtydBe + (Bt a0 — Kot afiTh)
0

+H(K(t a5, 0)) = Ka(t,23,75)) + (Ks(t,a3,701) — Ka(t,25,73))

t
. {@t(xg}f%) — wt(xg}f%) — b/o 1{wm+1<Xs—S$m+i}dS

20—-2 21—

20—2 1—

t
Y /0 Lamticx, <oniydB + (Ku(bagith) - K (L agith)
Ho(t25) — Kol o) + (st — Kol agth)].

Firstly, from (3.8), (3.11), (3.12), the Cauchy-Schwarz inequality and the quadratic variation of stochas-
tic integrals, we have

t t
m—+1 m—+1
‘E(%(ﬂﬁzr_ﬁ —pe(x5,75) — b/o Lt ox, <ot yds — ‘7/0 Ligmtt cx,_<qmi1ydBs)

20—-2 20—1 20—-2 21

t t
'(Sﬁt(xgzlﬂ) - @t(mg}tzl) - b/o 1{zm+1<xs,§xm+1}d3 - U/o 1{zm+1<xs,gm’”f}}dBS)
1
< O[(+ 20+ )@} — o h) @l — ol ) + o) — afh) @t — ot

1 1 1 1y4
+o(entt - et et — et}

t
2
oc°F 1 1 ds
" |/0 (et <X, <aptiy et <X, <aptty O8]
1

2r—1 1—2—
1

2m+1

)%wl(x’,x”)%}

S C[(2m+1 )2w1(l‘/,l‘”)2 T (

t
2
+o E|/O 1 $$t12§Xs<Im+l}1{Im+1<Xs<$m+1}ds|

2r—1 20—-2— 201—1
C(kr)?, if r £1
< om+1 bl ) 4

3
2
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Here C is a generic constant and may depend on ¢, b, o, wy(z’,z"). Secondly, recall the fact that
E(PM) =0, if P is a process of bounded variation and M is a martingale with mean 0 and at least
one of M and P is continuous. Note here K is a process of bounded variation. Recall also that the
cross-variation of fg L{a;<X,_<as,,ydBs and the jump parts such as (Kg (t,aj41) — Kaoft, aj)) are zero.
So we have

t
E/ l{ai<Xs—Sai+1}st . (Kd(t,aj+1) — Kd(t,aj)) = 0, d = 1,2,3,
0

t
E/ Liai<X, <aipn)ds - (Ka(t,ajin) — Ka(t,a;)) = 0,
0
E(Kz(t, ai+1) — Kg(t, CLZ')) . (K3(t, aj+1) — Kg(t, aj)) =0.

Thirdly, by Lemma 3.3, we can see that when 0 < ¢ < %, 1# ]

‘E(Kz(t’ aiv1) — Ka(t, a;)) (Ka(t, aj11) — K2(taaj))‘ < Cl(air — ai)"™ + (a1 — a;)" ).
For other terms, by the Cauchy-Schwarz inequality, (3.23) and (3.42), it is easy to see that
E(pi(aiv1) — @i(ai) (Ka(t, aj41) — Ka(t, aj))‘ < Cl(aiv1 — ai)(ajp1 —aj)™],d =1,2,3;
E/Ot Lai<X, <apinyds(Kalt,ajer) — Kd(tvaj))‘ < Claiyr — ai)(aj41 —a;)*),d = 1,3;

BE(Ki(t,ai+1) — Ki(t, ) (Ka(t, aj+1) — Kd(t’aj))’ < Cl(ai+1 — a;)(aj41 — a;)*],d =1,2,3;

E(Ks3(t,aiv1) — Ks(t,a;:)) (Ks(t, a41) — K3(t7a/j))‘ < Cl(aigr — a;)* € (aj41 — a;)2 ).
Here a3 =1, ag = % and oz = % + &. Thus

|E[agtiragig]

1 V1426 ;
< {C(Qmﬂ) , i r £, (3.46)

1 .
SmFT ) if r=1.

The other terms in (3.44) can be treated similarly. Therefore

E\Z(m + 1)52_1 L Z(m)2"_1,acz"2 < 0[2 (7)1+2h + 22( )(7)1+2§+2h:|'

5Ty Ty 2m+1 2m+1

Hence, for 2 < 6 < 3, by Jensen’s inequality,

9
BIZ(m+ 1%y — 2003 18 < (BlZim+ 1%,

1
2m+1

)1+2h+22(m—n)( 1

2m+1

<C [Qm—n( )1+2§+2h}%

<02 i (G
L \ine 9.1 lhe——l—%e}
2 2 2 4
4 (5 () ,

24+1ho N SRy VIR
YN g () o)

where C'is a generic constant and also depends on 6, h, wy(2’,z"), and c. Note £ = % +(3—q)e, so

we get (3.43). o

Corollary 3.1 Under the same assumption as in Proposition 3.2, we have

00 2"
)
sup Z n’ Z ‘Z(m)i",l,zz‘i <00  a.s.
m k=1

k
n=1
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Proof: From the Minkowski inequality,

k=1
n 2
3(22|Z<m>5n T ) (Dz o e Z(m - 22, mg)e
2 :
v (S -2y a1t (Dz 3)

[e%e] 2 on 2
Q o
Sz;(kzz(m)igw:—z(m—l)ig o ) (ZIZ e 2) : (3.47)
m= =1

Then it is easy to see from (3.47), Jensen’s inequality, (3.41), (3.43) and (3.39)

SN

m=1 | n=1 k=1
> 2 2 0 g
# 3ot (S ia02, ) ]
n=1 k=1
2
00 o 2n o
<N |D i (EZ|Z(m)in o — Z(m =12, >
m=1 |n=1 k=1
S
n=1
> 2 > ]. h6—1y2
Scznﬂz(gnm)( )9
n=m m=1
PARNENE o P SNTRECE O ENCYVARS PRI VRS BN IS
n=1 m=1
+C S 1n)2“"”
n=1
< 00,

as 2 < 6 < 3, h§ > 1, where C is a generic constant and also depends on 6, h, w;(2’,2"), and c.
Therefore,

6
supZn?“’ <Z|Z L |§> <00 a.s.

m

However, it is easy to see as 6 > 2,

(sup2n72|Z n
n=1

2
6

2
0 0o 2"
0 2 ]
2 Ssupg no’ E \Z(m)ik 2] <00 as.
Ly
m
n=1

k=1
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So the claim follows. o

Theorem 3.2 Let LT be the local time of the time homogeneous Lévy process X; given by (1.1).
Assume g is a continuous function of finite q-variation with a real number 2 < q < 3, and the Lévy
measure n(dy) satisfies (3.24), o # 0. Then for any 0 € (q,3), the continuous process Z, = (L7, g(x))
satisfying (5.29), there exists a unique Z* on A taking values in (R?)®* (i = 1,2) such that

i

2 i
. . i 0
S s (S 2m =B alf) 0
i=1 D 1
both almost surely and in L*(£2,F,P) as m — oo. In particular, Z = (1,Z',Z?) is the canonical

geometric rough path associated to Z., and Z}l’b =27y — Zg.

Proof: The convergence of Z(m)! to Z! is actually the result of Theorem 3.1. In the following we will
prove Z(m)ib converges in the f-variation distance. By Proposition 4.1.2 in [23],

0
Esup 37 (Zm+ 15, — Zm), |
l

oo 2m %
Z v Z 1 _ 1 0
S C(Q,V)E ( n P |Z(m + 1)x2_1,z£ Z(m)mz_l,zf| >

n=1

Nl=

o 2™
: (Z n’ (\Z(m + 1);271,w2|9 + |Z(m)igl,zg|0)>

- el 2 _ 2 g
+C(97’7)E Z n Z |Z(m + 1)1271,1}2 Z(m)xzil,xz | 2

= A+ B.

We will estimate part A, B respectively. First from the Cauchy-Schwarz inequality, (3.34) and (3.36),

we know
o 2n %
~y 1 gl 6 1 gl 6
ASC(EZ” (Z(m“)wzlwz Zop_yopl T12(M)p_ zp = Zap_| o ))
n=1 k=1
oo 2n %
(B0 Y (12n+ 1kl + 200 ) )
n=1 k=1
1  he-1 1 o\ 2
< Cly) ™™ (L w5 )
n=1
Secondly from Proposition 3.1 and Proposition 3.2, we know
00 m—1 m—1
1 ho—1 1 .o 1  he 1 .0 1 .3-q
B<C ¥ ) C TR Sl YO o V()2 (¢l

1 (he—s 1 (ne—1 1 (3-a,
<0G + ()" + () 7,

as ¢ < 0 < 3,and hf > 1. So
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0 1 (he—a 1
Es%pz ‘Z(m + 1):?0;_1,9:1 - Z(m)il_l,xl | 2 S C[(27m) 4 + (27’”7,
l

)77l (3.48)

Similar to the proof of Theorem 3.1, we can easily deduce that (Z(m)?),,en is a Cauchy sequence in
the #-variation distance. So when m — oo, it has a limit, denote it by Z2. And from the completeness
under the f-variation distance (Lemma 3.3.3 in [23]), Z? is also of finite §-variation. The theorem is
proved. o

Remark 3.4 We would like to point out that the above method does not seem to work for two arbitrary
functions f of p-variation and g of q-variation (2 < p,q < 3) to define a rough path Z, = (f(z), g(z)).
However the special property (3.46) of local times makes our analysis work. A similar method was used
in [23] for fractional Brownian motion with the help of long-time memory. Here (3.46) serves a similar
role of the long-time memory as in [23].

Remark 3.5 The requirement (5.24) on Lévy measure can guarantee us to prove (8.48) so that we
can obtain the desired convergence. We think if we relax the condition on Lévy measure, we probably
need to calculate the higher level of rough path. We don’t include this analysis in here as it is already
a long paper.

As local time LY has a compact support in « for each w and ¢, so we can define integral of local
time directly in R. For this, we take [2/, "] covering the support of Lf. From Chen’s identity, it’s easy
to know that for any (a,b) € A,

r—1
2 _ ; 2 1 1
Za,b - m(Dl[ir?])eO ;(Zzi,zi“ + Za,mi ® Zzi»1i+1)'
In particular,
r—1
(Zi,b)QJ = m(Dl[iII:])*}OZ((ZiW“Jrl)Z’l + (Zi@l ® Zalri,a:i+1)271)
@ i=0
r—1
= i Z:. .. ) — Ly — Ly
m(D[ir,il])—ﬂ) ;(( m1711+1)271 + (g(xl) g(a))( t t ))
exists. Here (Ziiyxi_*_l)gyl means lower-left element of the 2 x 2 matrix Ziiyxwl. It turns out that

r—1

. 5 . 7-,
m(Dl[}lril])_@;((Zmivxi+1)271 + g(g) (LT — LF))

r—1

= ol ST e+ ) — @) (L~ 1) + )L - L2)
Mt

exists. Denote this limit by ff g(z)dL?. Similarly, we can define ff LEdLT. To verify the latter integral

is well defined, we only need to consider the case ¢ = 2. Then it is easy to see under condition (3.25),
f: L¥dL7 is defined as a rough path integral. Therefore we have the following corollary.

Corollary 3.2 Assume all conditions of Theorem 3.2, but the Lévy measure satisfies (3.25). Then the

local time LY is a geometrical rough path of roughness p in x for any t > 0 a.s. for any p > 2, and
(a,0) € A,
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r—1

b
LPdL* =  lim Z2 . )i A L)Ly — LY
[ E = g S e L) )
Moreover, if g is a continuous function with bounded q-variation, 2 < q < 3, and the Lévy measure
satisfies (3.24), then the integral f;g(x)de is defined by

r—1

b
/g(m)df?t(x): lim N (23,5, )20 +9(x) (L = L)) (3.49)

m(Dia,p))—0 =7

4 Continuity of the rough path integrals and applications to extensions of
It6’s formula

In this section we will apply the Young integral and rough path integral of local time defined in sections
2 and 3 to prove a useful extension to It6’s formula. First we consider some convergence result of the
rough path integrals.

Let Z;(z) := (L}, g,(x)), where g;(-) is of bounded g-variation uniformly in j for 2 < ¢ < 3, and
when j — o0, gj(z) — g(z) for all z € R. Assume the Lévy measure satisfies (3.24). Repeating the
above argument, for each j, we can find the canonical geometric rough path Z; = (1, Z;, Z?) associated
to Z;, and the smooth rough path Z;(m) = (1,Z;(m)", Z;(m)?). Actually, (Z;), , — Z,  in the sense
of the uniform topology, and also in the sense of the #-variation topology. As for (Zj)g,ba we can easily
see that

da,0((Z)*,2%) < d,0((25)%, (Z(m))?) + da,6((Z(m))?, Z(m)?) + do,p(Z(m)?, Z°). (4.1)

From Theorem 3.2, we know that ds¢(Z(m)?,Z?) — 0 as m — oo. Moreover, it is not difficult to
see from the proofs of Propositions 3.1, 3.2, and Theorem 3.2, d2¢((Z;)?, (Z;(m))?) — 0 as m — oo
uniformly in j. So for any given € > 0, there exists an mg such that when m > my, da ¢(Z(m)?, Z%) <
d2,6((Z5)?,(Z;(m))?) < § for all j. In particular, dy9(Z(mo)?, Z*) < 5, d2,6((Z;)?, (Z;(mg))?) < £ for
all j. It’s easy to prove for such mo, da ¢((Z;(mo))?, Z(mo)?) < 5 for sufficiently large j. Replacing m
by mo in (4.1), we can get do 9((Z )2,Z?) < ¢ for suﬂ"l(:lently large j. Then by (3.49) and the definition
of f gj(z)dL¥, we know that f gj(x)dLy — f g(x)dL¥ as j — oo. Similarly, we can see from the
last section, when we consider Z;(m) = (1,Z:(m)', Zi(m)?), d2,0((Z+)?, (Z1(m))?) — 0, as m — oo
uniformly in ¢ € [0,7], for any T > 0. Therefore we can also conclude that Z? is continuous in ¢ in

£
3

the d g topology. Note now that the local time L§ has a compact support in x a.s. So it is easy to see
from taking [2’,2"] covering the support of LY that the above construction of the integrals and the
convergence can work for the integrals on R. Therefore we have

Proposition 4.1 Let Z;(z) := (L}, g;(x)), Z(x) := (L}, g(z)), where g;(-), g(-) are continuous and
of bounded g-variation uniformly in j, 2 < q < 3, and the Lévy measure n(dy) satisfies (3.24), o # 0.
Assume g;(x) — g(x) as j — oo for all x € R. Then asj — 00, Z;(-) = Z(-) a.s. in the 0-variation
distance. In particular, as j — oo, ffo i(x)dLE — f x)dLfa.s. Similarly, Zi(-) is continuous in
t in the 0-topology. In particular, ffooo (z)dL? is a contmuous function of t a.s.

Now for any g being continuous and of bounded g-variation (2 < ¢ < 3), define

/ K (x —y)g(y)dy, (4.2)
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where k7 is the mollifier given by

1
ki (z) = {cje(-fz—wz—l, if x € (0, %),
0, otherwise.

Here ¢ is a constant such that f02 ki(x)dz = 1. It is well known that g; is a smooth function and
gj(z) — g(x) as j — oo for each z. So the integral ffooo gj(z)dL{ is a Riemann integral for the smooth
function g;(x). Moreover, Proposition 4.1 guarantees that [*_g;(2)dL{ — [*_g(z)dL} as.

In the following, we will show that Proposition 4.1 is true for g being of bounded g-variation
(2 < ¢ < 3) without assuming g being continuous. Note that a function with bounded g-variation
(¢ > 1) may have at most countable discontinuities. Using the method in [35], we will define the rough
path integral f;,” L#dg(z). Here we assume g(z) is cadlag in .

First we can define a map

7'6(') : [m’,x"] - [x,’mll + 62 ‘](xn”q]a

n=1

in the following way:

o0

T5($) =z+0 Z |j($n)|q1{zn§z}(x)v

n=1
where j(z;) := G(z;) — G(x;—), {x;}52, are the discontinuous points of G inside [z/,2"], § > 0. The
map 75(-) : [¢/,2"] — [2/,75(2")] extends the space interval into the one where we can define the
continuous path Gs(y) from a cadlag path G by:

G(z) if y = 7s(x),

Gn—) + (4 — 75(2n—)) ()5 (@)~ i 3 € [r5(2n—), 5(zn)). (4.3)

Gt = {

Take G to be g and Ly, we can define gs and L, 5 respectively. As L} is continuous, we can easily see
that Lt’g(y) = Lt’g(ﬂ;(x)) =L7.

Theorem 4.1 Let g(x) be a cadlag path with bounded q-variation (2 < q < 3), and the Lévy measure
n(dy) satisfies (3.24), o # 0. Then

"

T 'r,;(a:”)
/ L2dg(z) = / Los(y)dgs(y). (4.4)

’ ’

Proof: First it is easy to see that the integral f;f (@ )Lt,g(y)dgg(y) is a rough path integral that can
be defined by the method of last section. Now note that at any discontinuous point x,,

| prdote) = L) )

T

and

Ts(zr)
Z((Zé)ié(xﬁ),ré(m))m = Z/ (Lt,s(y) — Li,s(ms(zr—)))dgs(y) = 0,

r r 5(wr—)

where Zs(y) := (Li,5(y), 95(y)). Thus
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> L (g(er) — alar =)
= ZLt 5 7'5 (95(7'6(-757")) - 96(7-5(1'7‘_)))
= 3 | Evalrla =) as(rs(wn)) = g5(7s(ar ) + (2o, e

<oo,

SO

75 (Tr)
[ s@ast) = st osraten) — gs(rs(ar)
= Lt(xr)(g(xr) - g(xr—))'

Thus
i 75 (xr)
/ Lidg(x) = / Les(y)dgs(y).

r 6(157‘_)

Now define g(z) = g(x) + h(z), where h(xz) = > (g(z) — g(x,—)). Then g is the continuous part of

z,.<x
g and h is the jump part of g. Moreover, § satisfies the g-variation condition. So f;, Li(z)dg(z) can
be well defined as in the last section. For h, we can define hs by taking G = h in (4.3). So the integral
[5, L#dh(z) can be well defined by the followings:

7s(z'") 75(zy)
/ Ly s(y)dhs(y Z / Lw )dhs (y ZLt z.)(h(zy) — h(z,_))

/

1"

= 3 Lila(glar) gl = 3 / Csian) = [ Liants)

Therefore

1" 1" "

/ " Lidg(x) = / " Lidg(a) + / Lt dh(z)
x’ x! x/

m3(2") ] 73(a")
- / Les(y)din(y) + / Lu s(y)dhs(y)

/ ’

Ts (z//)
_ / Ly 5(y)dgs ().

/

Similarly to Proposition 4.1, we have

Proposition 4.2 Under the condition of Proposition 4.1, as j — oo, ffooo L¥dg;(z) — ffooo L¥dg(z) a.s
for such g with bounded q-variation (2 < q < 3).

Proof: Define F;(x) := (g9; — g)(x), so Fj(xz) — 0 as j — oo, for all . It’s easy to see that F}s(x) — 0
as j — oo, for all z. From the above theorem and Proposition 4.1, we have

1" 1"

T T Ts5(z"")
/ L{d(g; — 9)(z) = / Li{dF;(z) = / L, sdF;s(y) — 0, asj— oo.

’ ’ ’
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Then the proposition follows easily. o

Applying the standard smoothing procedure on f(z), we can get f,(z) which is defined in the same
way as gj(z) in (4.2). And by It&’s formula (c.f. [29]), we have

Fa(Xe) = fa(Xo) /f dX, + AT, 0<t < oo. (4.5)
where
1 t
-1 / S X XIS+ S [falXa) = fa(Xal) — FH(X.)AX,]. (4.6)
0<s<t

From the occupation times formula, the definition of the integral of local time and the convergence
results of the integrals, we have
1 oo
lim 7/ X X1]¢ = lim = Lidf! (z :—7/ fl(z)d, LY,
n—oo 2 n—oo 2 o
and the rough path integral | fooo fL(z)d,L¥ is continuous in ¢ from Proposition 4.1. For the convergence

of jump part in (4.6), we can conclude from the proof of Theorem 3 in Eisenbaum and Kyprianou [7],
if the following assumption:

Condition (A): f{ly\<1} |f(x+y) — f(z) — fL(x)yn(dy) is well defined and locally bounded in x,
holds, then

lim Z [fn(Xs) - fn(Xs—) - f;z(Xs—)AXb] = Z [f(Xé) - f( ) 2 f( )AX ]

n—oo
0<s<t 0<s<t

in L?(dP). Therefore we have:

Theorem 4.2 Let f : R — R be an absolutely continuous function and have left derivative f' (z)
being left continuous and locally bounded, f’ (x) be of bounded g-variation, where 1 < q < 3. Then
for X = (Xi)t>0, a time homogeneous Lévy process with o # 0 and Lévy measure n(dy) satisfying
Condition (A), and (3.6) when 1 < q < 2, (3.24) when 2 < g < 3, we have P-a.s.

F(X0) = £(Xo) + / 'f',(Xs / 7 (@)do Lt
+ > U (Xoo) = [ (Xo)AX,], 0<1< oo, (4.7)
0<s<t

Here the integral ffooo fL(x)d, LY is a Lebesgue-Stieltjes integral when q = 1, a Young integral when
1 < g < 2 and a Lyons’ rough path integral when 2 < q < 3 respectively. In particular, under the
condition (8.26), (4.7) holds for any 2 < ¢ < 3.
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